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Abstract 
In recent years biodiesel has become a more feasible and attractive alternative to traditional fossil 
based fuels.  Accordingly new methods of production and sources of biomass are being explored.  
This project applies microwave heating technology to transesterification and pyrolysis of 
Jatropha Curcas, as well as examines the current state of the art of biodiesel production.  This 
project then attempts to make recommendations based on what would be plausible in Haiti, a 
natural home to Jatropha Curcas.  
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I. Introduction 
With an increasing population comes a rise in energy consumption; however resources are 
limited so other options must be explored to establish a sustainable future. When turning to 
sustainable alternatives to fossil fuels, many communities look for ways to produce energy based 
upon the natural resources which are most available to them. Developed countries such as 
Japan and Greenland have been able to make excellent use of geothermal energy due to the 
volcanic hotspots in their native lands.  For countries in tropical climates with available 
farmland, biofuels derived from vegetable oils have accrued much interest in recent years. One 
such region is the Caribbean and its abundant resource of the Jatropha plant.  
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II. Literature Review 
1. Haiti 
One country within the Caribbean region that sparks interest is Haiti.  Not only does Haiti 
struggle to attain an adequate supply of fuel in the race to find an answer to declining natural gas 
resources, but also in becoming a stable independent country.  Haiti is situated in the Western 
Hemisphere and makes up the smaller part of the Hispaniola island, which is shared with the 
Dominican Republic. Haiti was named after the Creole word Ayiti, meaning land of high 
mountains. Haiti’s terrain consists mainly of rugged mountains scattered with small coastal 
plains and river valleys. 
Geography 
The northernmost part of Haiti consists of the Massif du Nord, or Northern Massif, and the 
Plaine du Nord, or Northern Plain. The Massif du Nord begins at Haiti’s eastern border, north of 
the Guayamouc River, extending from the Cordillera Central in the Dominican Republic. The 
Massif du Nord continues through the northwest area of Haiti through the northern peninsula. 
Along the border of the Dominican Republic and between the Massif du Nord and the Atlantic 
Ocean lies the Plaine du Nord. The central locations of Haiti are made up of two mountain 
ranges and two plain areas. South of the Massif du Nord and stretching across both sides of the 
Guayamouc River, lays the Plateau Central, running southeast to the northwest. Southwest of 
the Plateau Central lies the Montagnes Noires which meet with the most northwest tip of the 
Massif du Nord; known as Cap Carcasse. 
The southern region of Haiti consists of the Plaine du Cul-de-Sac and the mountainous southern 
peninsula known as the Tiburon Peninsula. Within the depression of Plaine du Cul-de-Sac 
resides lakes Trou Caiman and Haiti’s largest lake, Lac Azuei. The Chaine de la Selle mountain 
range begins in the south of the Dominican Republic and stretches into Haiti from the Massif de 
la Selle in to the east up to the Massif de la Hotte in the west. Within the Chaine de la Selle, 
dwells Haiti’s highest point at 2,680 meters known as Pic la Selle. 
  
 
10 
 
The valley known as the Plaine de l’Artibonite hosts most of Haiti’s crops. The Plaine de 
l’Artibonite is located in the south of Haiti within the Montagnes Noires. Within the Plaine de 
l’Artibonite also lies the longest river, the Riviere l’Artibonite. The Riviere l’Artibonite begins in 
the Dominican Republic and continues through Haiti until emptying into the Golfe de la Gonave. 
The eastern and central locations of Haiti consist of elevated plateaus. Figure 1 below depicts 
map of Haiti where its mountainous region can be seen. 
 
Figure 1 Map of Haiti (Free Haiti Maps, 2011) 
 
Climate 
Haiti’s temperatures average between 70°F to 90°F year round and coastal regions are subject to 
high humidity as seen in Figure 2 below. Haiti’s tropical climate produces seasonal rainfall, 
however sizable areas of Haiti still remain semiarid.  Two rainy seasons exist in Haiti from April 
to June and again from August to mid-November, producing an annual rainfall anywhere from 
70 to 200 millimeters depending upon location. Haiti’s dry season spans from December to May. 
The average rainfall per month is depicted in Figure 3 on the next page (Congress, 2011). 
 
Figure 2 Haiti's Average Temperature (SouthTravels) 
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Figure 3 Average Rainfall in Haiti (SouthTravels) 
 
Environment 
More than sixty percent of Haiti is too steep for any agricultural cultivation. Adding further to 
Haiti’s environmental issues Haiti faces severe deforestation. In 1925 Haiti was flourishing, with 
60% of its land covered in forest and mountainous regions. As the population increased, the 
forestry throughout Haiti decreased by an estimated 98% which was harvested for fuel for 
cookstoves (Hadden & Minson, 2010). This allowed the rains to wash away the topsoil, thus 
devastating fertile farmland and promoting desertification. Due to the deforestation, Haiti now 
often suffers flooding. As seen in Figure 4 below, by the year 2020 it is projected that less than 
ten percent of Haiti’s forest still exist.  
 
Figure 4 Deforestation of Haiti (Biomass, 2009) 
More recently Haiti has also been ravaged by hurricanes, tropical storms and in 2010, an 
earthquake of staggering magnitude. As natural disasters hit, Haiti is left with subsequent 
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mudslides, massive flooding and practically rebuilding from nothing once again. Due to the 
massive amounts of destruction more than one third of Haiti’s soil is now eroded. 
Economy & Education 
Haiti is the poorest country in the Americas. It had a nominal GDP of 7.018 billion in USD in 
2009, with a GDP per capita income of $1,255 (Metz & Federal Research Division, 2011), 
making it considered to be a bankrupt country (Hadden & Minson, 2010).  Since the 1980’s, 
Haiti has been falling behind other low-income developing countries.  
As of 2003, according to a publication from the Library of Congress a study from 1989 showed 
80% of the population was living in poverty (Metz & Federal Research Division, 2011). Poverty 
has forced at least 225,000 Haitian children to work as unpaid servants referred to as restavecs 
(Metz & Federal Research Division, 2011). About 70% of all Haitians work in agricultural 
occupations however this only makes up about 30% of the GDP (Facts About Haiti). According 
to Table 1 (Developing Renewables, 2006) below, the average household income in 2004 was 
$1500 per capita. Due to Haiti’s declining resources and poverty levels the economy as of 2004 
was actually declining at a 3.5% rate. 
Table 1 – Economic Statistics in Haiti (Developing Renewables, 2006) 
 
The education system of Haiti is based upon the French system, providing both public and 
private institutions (Metz & Federal Research Division, 2011). Haiti holds 15,200 primary 
schools with the enrollment rate at 67%, where fewer than 30% reach 6th grade. After a study 
conducted in 2003 Haiti also faces an illiteracy of 52.9% (Developing Renewables, 2006) and 
over 80% of college graduates leave Haiti and head to the United States (Metz & Federal 
Research Division, 2011). 
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Energy Production and Consumption 
Due to the economy of Haiti fuelwood currently accounts for almost all the energy produced in 
Haiti (Country Energy Information: Haiti, 2006). Haiti’s strong dependence on fuelwood and 
diesel as a source of energy can be seen in Table 2 below. Thirty-six percent of Haiti’s energy is 
dependent upon fuelwood, a limited and environmentally taxing source of energy. As of 2005 
diesel was noted to sell for $523.60 per ton which becomes very expensive, especially for a 
country already struggling. 
Table 2 Energy Sources in Haiti (Robbins, 2007) 
 
 
As seen in Figure 5 below, Haiti like many developing countries has an increase in the demand 
of oil.Haiti’s oil consumption has been rising steadily since the early 90’s. With the decline in 
fossil fuels and Haiti’s internal struggle the issue of developing an alternative independent means 
of energy becomes a rising initiative.  
 
Figure 5 Haiti's Energy Use (World Bank, 2011) 
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Haiti has no production of coal, natural gas or oil and therefore relies heavily on importing all of 
its petroleum products which are mainly used in the transportation and industry sectors; this can 
be seen in Table 3 (Developing Renewables, 2006). While only about thirty-four percent of 
Haiti’s population was connected to the grid as of 2002, its energy demand is still rather large at 
11,000 bbl/day as seen in Table 4 (Developing Renewables, 2006) (Developing Renewables, 
2006) below. As mentioned previously Haiti faces immense deforestation which can greatly be 
attributed to its 54% dependence on traditional fuel consumption which includes fuelwood.  
Table 3 Energy Consumption by Sector (Developing Renewables, 2006) 
 
Table 4 - Energy Development in Haiti (Developing Renewables, 2006) 
 
2. Jatropha curcas  
Jatropha curcas is a small, oleaginous, tropical plant belonging to the Euphorbiaceae family. 
The plant has garnered much interest for its potential as a feedstock for biodiesel production and  
for its ability to grow in low nutrient arid conditions. Jatropha curcas originates in Central and 
South America but currently grows naturally across Africa, India, South East Asia, and China 
indicating a pan-tropical distribution range. A single Jatropha plant will continue to bear fruit up 
to 50 years after adulthood. Since Jatropha fruit usually matures within 90 days after flowering 
and not all fruits mature at the same time, a year round harvesting scenario is a definite necessity 
to large scale cultivation should the Jatropha plant be used in the biofuel market (Achten, et al., 
2008). 
Toxicity 
The toxicology of Jatropha curcas is well documented, sharing many of the nocuous phorbol 
esters common to members of the Euphorbiaceae family (Gandhi, Cherian, & Mulky, 1995). 
That study conducted by Ghandi et al found that Jatropha oil has a toxic fraction of 2.4 weight % 
phorbol esters. Based on studies conducted on mice and rabbits, they found the esters of 
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tetracyclic diterpene phorbol to be responsible for the purgative and skin irritant effects 
experienced from contact with the Jatropha plant.  Phorbol esters have also been found to be 
carcinogenic in nature, conducive to tumor growth.  In addition to phorbol esters the Jatropha 
plant also contains the toxic protein curcin, which has been reported to inhibit protein synthesis 
(Stirpe, 1976).  
Climate 
Jatropha curcas can grow in a wide range of conditions from dry arid regions to more humid 
zones and is insensitive to day length. The succulent grows naturally in temperatures between 
20°C and 28°C, and in Nicaragua was found to have an altitude range from sea level up to 1800 
m. Jatropha curcas also has an observably wide rainfall tolerance range, between 250 and 3000 
mm per annum (Foidl, Foidl, Sanchez, Mittelbach, & Hackle, 1996). The plant owes some of its 
climate adaptability to its ability to shed leaves during the dry season to minimize water loss and 
cope with semi-arid conditions; however humid conditions have been reported to allow for better 
crop performance. While the plant can tolerate high temperature extremes, it is highly 
susceptible to frost damage (Achten, et al., 2008). 
Soil 
Jatropha seed provenances can be found in a wide variety of soils. When grown from a seed, 
Jatropha curcas develops a taproot that can reach nutrients deep below the surface in addition to 
stabilizing the soil against landslides. The plant also develops lateral roots that are believed to 
prevent and control soil erosion from the elements (Achten, et al., 2008). Mycorrhiza was also 
found present on the root systems, assisting with nutritional uptake. While these biological 
advantages allow the plant to naturally occur in a wide range of seed provenances, certain soil 
characteristics are still preferred. At least 45 cm soil depth with a surface slope not exceeding 
30° is required for proper growth. In very acidic soils the plant may require Calcium and 
Magnesium fertilization while pH levels greater than nine should be avoided entirely. In general, 
sandy or gravelly soils with good aeration are ideal, while heavy soils such as Vertisols or heavy 
clays which can hamper root formation and water logged soils should be avoided (Achten, et al., 
2008).  
Water Footprint  
The water footprint (WF) of Jatropha curcas is the subject of much scrutiny within the scientific 
community. Many publications cite a study conducted in 2009 by Gerbens-Leens et al. which 
contested that the Jatropha plant has a significantly higher WF than competing biodiesel crops. 
Gerbens-Leens et al. calculated a WF of 400 m3 GJ-1 for Jatropha using a well-documented 
method of estimation based upon data taken from actual plantations across the world. Competing 
crops such as sugar cane or maize had a calculated WF of 50 m3 GJ-1 and thus were significantly 
lower in comparison. Recent publications however challenge WF method used by Gerbens-
Leens et al. Maes et al. questioned the validity of the data used in the estimation arguing that a 
more comprehensive model using statistical processing should have been employed. 
Furthermore, Maes et al. contended that as the plantations subjected to the study were immature 
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with plants ranging from two to four years of age a proper comparison was not possible.  Maes et 
al. further posited that the Jatropha WF should be relatively lower due to its inherently high 
transpiration efficiency (5.81 ± 0.19 mg/g) as a succulent tree (Maes, Achten, Reubens, Raes, 
Samson, & Muys, 2009). As data on this subject is lacking it is not possible to definitively assess 
the WF at this time. 
Cultivation 
Jatropha has been seen cultivated in many ways. Jatropha can be cultivated as monoculture, 
mixed cropping, or used as live-fences. The Jatropha tree is a perennial crop and when good 
establishment is invested a single Jatropha plant has the potential to produce yields year round 
for up to 50 years. An important requirement for the Jatropha plant is proper drainage. Jatropha 
trees grow best with ample supplies of hot weather and medium to low rain- fall. Tropical and 
subtropical regions provide the desired temperatures. The oleaginous plant grows naturally at 
lower altitudes (0-500 m) in areas with average annual temperatures well above 20°C, but can 
withstand higher altitudes and slight frost. Though Jatropha trees are susceptible to frost damage, 
light to moderate frost will only effect young growth. If the Jatropha tree is exposed to severe 
frost defoliation may occur and result in lost trees. (Cultivation and Harvesting, 2006) 
Jatropha curcas can be grown from either the direct planting of cuttings or seeds. Either short 
cuttings of 25-30 cm length from one-year-old branches (Gour, 2006) or longer cuttings up to 
120 cm have been used (Henning, 2000). However in this scenario, cuttings will not develop the 
same level of taproot required for deeper penetration into the earth. The overall weaker root 
system corresponds to lower yields and less defense against soil erosion. For biodiesel 
cultivation purposes generative propagation from seeds is preferred and should be incorporated 
at the start of the rainy season. Seedlings can be pre-cultivated three months prior to the rainy 
season in nutrient rich soil. One study showed that seeds can be pre-soaked in cow-manure slurry 
for 12 hours to achieve 96% germination as opposed to the traditional 24 hour treatment with 
cold water at 72% germination (Brahmam, 2007). Once nurtured, the seedlings can be relocated 
to planting pits of 30x30x30cm3 to 45x45x45cm3 in the field at the start of the rainy season. 
Jatropha plants have good regulation of water use and are able to cope with marginal soil. Both 
local rainfall and groundwater supplies determine the need for irrigation. Jatropha plants have 
been very successful in medium to dry regions of the tropics with an annual rainfall of 300-1000 
mm.  
The plants should be left appropriate space in between them depending on the soil type and 
nutrients. This is very important for mowing the grass and also for mechanical harvesting. 
Recent publications contend that plant spacing dimensions of 2 x 2 m2 (2500 plants ha-1), 2.5 x 
2.5 m2 (1600 plants ha-1), or 3 x3 m2 (1111 plants ha-1) are standard (Achten, et al., 2008). 
Achten et al. also notes that for optimization purposes it should be observed that as spacing 
increases, seed yield per tree increases while seed yield per hectare decreases and the two factors 
must be considered when planning the layout of the field. As with all crops, optimization of 
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biomass and oil yield production per hectare will depend upon the soil quality, fertilizer 
application, irrigation systems and other macro and micro-environmental variables. 
Harvesting 
Flowering of the Jatropha plant is dependent upon location and agro-climatic conditions. 
Complete germination occurs after nine days from the day of sowing seeds.  Typically flowers 
are seen within the first four months and eventually mature into fruits. After nine to twelve 
months the crops start to yield fruit. Effective yields are obtained only after two to three years. 
According to JatrophaTech the minimum target oil yield from their Jatropha plantation is about 
eight to ten tons per hectare range (Cultivation and Harvesting, 2006). These yields are similar to 
other plantations in all regions. 
3. Jatropha Biodiesel Production 
Jatropha as Feedstock 
A single Jatropha plant produces approximately 0.35 to 0.375 gallons of oil per harvest, and with 
proper irrigation, this yield increases to 0.79 to 1.3 gallons (Averill, Nabea, & Piard, 2010). 
Jatropha oil can be used as fuel in a variety of ways, from crude Jatropha oil, to varying blends, 
to transesterified methyl esters. The oil may also be used in the production of soap, biocides, in 
addition to its traditional use as a medicinal purgative; for the purpose of this section only the 
biofuel aspects shall be discussed. 
Direct use of crude Jatropha oil 
Crude Jatropha oil may be used directly in a diesel engine, however as fuel performance varies 
depending upon a number of factors, research and optimization are still ongoing. To date, trials 
on a number of diesel engines have been performed using crude Jatropha oil and a few recurring 
issues have been noted (Achten, et al., 2008). In one study, Jatropha oil was used in a low heat 
rejection diesel engine. It was found that Jatropha oil resulted in higher brake specific energy 
consumption (BSEC), lower brake thermal efficiency (BTE), higher exhaust gas temperature 
(EGT)and lower NOx emissions compared to regular diesel (Prasad, Krishna, Reddy, & Mohan, 
2000).  
Common problems with the direct use of crude vegetable oils include their high viscosity, 
deposit formation, carbonization of the injector tip, incomplete combustion, and the difficulty of 
cold start up amongst others. Jatropha oil also has a significantly higher flash point (240 °C) than 
regular diesel (93°C). The higher flashpoint translates to safer storage of the actual oil since it is 
less likely to ignite under normal conditions, but the increased difficulty in combustion can lead 
to oil droplets accumulating on the walls of the chamber resulting in tar deposits (Sidibe, Blin, 
Vaitilingom, & Azoumah, 2010).  Generally it is preferable to transform crude oil prior to direct 
use in an engine using accepted techniques previously described. However, certain advantages 
can be gained from using crude oil, primarily avoiding the environmental and economic costs 
related with actual biodiesel production processes. Oil extraction is relatively simpler by 
 
18 
 
comparison, so direct use of crude oil is preferred in situations where such techniques are not 
feasible.  
Jatropha oil blends 
Crude Jatropha oil may also be blended with various fuels to offset some of the disadvantages of 
its direct use. In fossil diesel blends, brake specific fuel consumption (BSFC) and EGT are 
generally higher than fossil diesel and increased with the proportion of Jatropha oil in the blends 
(Pramanik, 2003). Pramanik et al were also able to achieve similar properties to fossil diesel, 
with 30% Jatropha oil to 70% fossil diesel, and 40% Jatropha oil to 60% fossil diesel by volume 
blends. Using a four stroke single cylinder water cooled diesel engine, Kumar et al. demonstrated 
that Jatropha oil could also be blended with orange oil and methanol resulting in increased BTE 
at 28.3% and 28.5% respectively when compared with crude Jatropha oil. This suggests that 
other alternative fuels can be blended with Jatropha oil to achieve relatively similar values to 
diesel (BTE 30.3%) (Kumar, Ramesh, & Nagalingam, 2010).  
Jatropha methyl ester (JME) 
The literature generally agrees that without engine modifications the Jatropha methyl esters 
(JME) obtained through transesterification of the crude oil perform better in a diesel engine than 
straight Jatropha oil.  In one study, JME exhibited a BTE of 29%, an EGT of 415°C, and a 
hydrocarbon emission of 110 ppm (Kumar, Ramesh, & Nagalingam, 2010). While this shows an 
improvement over the crude form of the oil, JME still falls short of traditional diesel in engine 
performance with BTE of 30.3%, EGT of 402°C, and a hydrocarbon emission of 100 ppm. 
However since the properties are relatively similar, JME still proves to be a viable alternative to 
fossil fuel (Achten, et al., 2008).  
Dual fueling engine 
Diesel engines can easily be modified to operate with two fuels using a technique called dual 
fueling. The modifications allow the engine to accept a wide variety of both gaseous and liquid 
fuels, increase thermal efficiency and reduce smoke emissions at higher power outputs. In a dual 
fuel engine, a high octane gaseous fuel or volatile liquid is inducted along with air through the 
intake manifold where it is subsequently compressed to a point where its temperature is 
significantly below its self-ignition temperature. A high cetane number pilot fuel is introduced to 
the system via a standard injection system, self-igniting and initiating the combustion in the 
primary air-fuel mixture. In general, alcohols are used as the inducting fuel in the dual fuel 
engine, but as this can lead to higher hydrocarbon and carbon monoxide emissions, use of 
hydrogen has been explored to offset this disadvantage. A recent publication compared the use of 
dual fuel engine systems to blends, diesel, and methyl ester to assess the Jatropha fueled engine 
system (Kumar, Ramesh, & Nagalingam, 2010). The dual fuel systems using methanol, orange 
oil, and hydrogen as induction fuels in conjunction with Jatropha oil as the pilot fuel resulted in 
BTE of 30.7%, 29.4%, and 29.3% respectively (Kumar, Ramesh, & Nagalingam, 2010). As 
expected, using highly flammable hydrogen enhanced the combustion rate of the Jatropha oil 
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while reducing the hydrocarbon emissions to 100 ppm when compared with the methanol (190 
ppm) and orange oil (160 ppm) trials. Furthermore using the Jatropha oil in conjunction with 
methanol or orange oil in a dual engine system yielded better results overall than simple oil 
blends highlighting the importance of optimization of engine modifications for the use of 
biodiesel. 
Methods of Extraction 
Oil Extraction 
The next step in the Jatropha biodiesel production line is oil extraction. A single Jatropha seed is 
on average approximately 30-40 weight % oil. Before the oil can be extracted, the seeds have to 
be dried either in an oven at 105°C or sun dried for three weeks (Achten, et al., 2008). From the 
wide variety of techniques that have evolved over time to extract or expel the oil from these 
seeds, the methods can be grouped into two main approaches, mechanical extraction and 
chemical extraction.  
Mechanical Extraction 
The mechanical approach to oil extraction involves the application of intense pressure to the 
seeds or kernels in such a way as to expel the oils from within the solid substrate. The screw 
press is one of the most common technologies employed in mechanical oil extraction because it 
is easy to use and simple to maintain. In a screw press the seeds are fed into a hopper and 
subsequently crushed by a rotating screw as they traverse through the press. Figure 6 depicts a 
typical oil press: 
 
Figure 6: 6YL-68 Oil Press courtesy of oilpressmachine.com 
The seeds are subject to a large degree of frictional forces between the screw and press barrel 
expelling the oils from the seeds. End pressures can range anywhere from 40-350 bar (Beerens, 
2007). According to Beerens, an engine driven screw press may be used to extract up to 75-80% 
of the available oil while yields of 89-91% are possible if the seeds were cooked prior to 
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extraction and subject to two passes. A manual ram press may also be used albeit with lower 
yields 60-65%. 
Chemical Extraction 
The chemical approach involves the use of a solvent to chemically separate the oil from ground 
kernels. Feed stock is contacted with a low boiling solvent with high oil solubility. In this 
manner almost all the oil can be separated from the particulate solids leaving only a residual 
amount behind. Chemical approaches tend to take longer than mechanical methods; however 
techniques such as sonication and microwave heating have been employed on the laboratory 
scale to negate some of the disadvantage (Shah, Sharma, & Gupta, 2004). Solvent extraction is 
only economically feasible for large scale production of more than 50 tons of biodiesel per day 
(Adriaans, 2006).  Various methods exist, and the nature of the method differs depending on the 
chemical used as solvent. 
N-hexane oil extraction via Soxhlet apparatus 
The Soxhlet apparatus allows the extraction of oil from the Jatropha grounds using a distillation 
extraction method. The ground seed are held in a porous cellulose thimble placed inside an 
extraction chamber. The extraction chamber is set above a flask containing the desired solvent 
and under an overhead condenser. When the flask is heated, solvent evaporates into the 
condenser and trickles back down into the extraction chamber soaking the Jatropha grounds. Oil-
rich solvent is repeatedly siphoned off by suction once reaching a certain volume, distilled, and 
returned to the grounds. Eventually the oil will be concentrated in the flask, and the low boiling 
solvent can easily be evaporated leaving the lipids behind (Leray, 2011). While the 
aforementioned process describes laboratory scale equipment the basic principles still apply to 
plant scale designs except the solvent extraction would be carried out in a distillation tower and 
the oil would be concentrated in the bottoms product (Mahanta & Shrivastava, 2004).  
 
Aqueous Enzymatic Oil Extraction (AEOE) 
AEOE is an enzyme catalyzed technique for the liberation of oils from plant materials. The 
method holds particular interest in today’s industry because it is environmentally friendly and 
does not produce any volatile organic byproducts or atmospheric pollutants. The main 
disadvantage is the longer separation time compared to alternative extraction methods. To date, 
many publications still refer to a study conducted in 2005 by Shah et al, in which an alkaline 
protease enzyme with a five minute ultrasonication as pretreatment yielded 74 weight % of the 
oil in the Jatropha grounds on a laboratory scale in six hours. The use of ultrasonication reduced 
the reaction time by a factor of three, from the original 18 hours. 
 
Ultrasonication allows for more efficient solvation of the oils within the porous seed materials 
through an enhanced mass transfer mechanism. Ultrasound is transmitted through a medium 
using pressure waves by inducing vibrational motion of the molecules, compressing and 
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stretching the molecular structure of the medium due to a tie-varying pressure. The technique 
capitalizes on controlling the effects of cavitation bubbles that form once the medium reaches a 
point at which the intramolecular forces are not able to hold the structure intact (Baig, Farooq, & 
Rehman, 2010).  
Transesterification 
Basics 
A transesterification reaction occurs when an ester exchanges organic groups with that of an 
alcohol, as demonstrated by R’’ and R’ in Figure 7.  
 
Figure 7: Transesterification 
Vegetable oils consist largely of triglycerides, esters with three fatty acid groups. Figure 8 
depicts how these triglycerides can be reacted with an alcohol, such as ethanol, to produce ethyl 
esters and glycerol: 
 
Figure 8: Transesterification of Triglyceride 
It should be noted that methanol is widely used due to the fact that it allows for simultaneous 
cleaving of glycerol.  When using ethanol, the reaction must occur in a water free environment 
and must be carried out only with low-water content oil (Schuchardt, Sercheli, & Vargas, 1998), 
which is costly. 
Catalysts 
Typically these reactions are catalyzed by acids or bases.  Strong acids donate a proton to the 
carbonyl group of the ester, causing it to become more eletrophilic producing carbocation.  A 
nucleophilic attack made by the alcohol produces the esters and glycerol, and replenishes the 
hydronium ion.  Similarly bases remove a proton from the alcohol, and make it a stronger 
nucleophile.  Both methods have undesirable byproducts, salts in the case of the acid, and soap in 
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the case of the base, due to the tendency to use excess alcohol and water.  Base catalyzed 
reactions occur faster than acid catalyzed, however, and are less corrosive generally making 
them the favored choice in an industrial setting (Schuchardt, Sercheli, & Vargas, 1998). 
Standard Batch  
The most basic transesterification process is the batch process.  The catalyst is dissolved in the 
alcohol.  The mixture is then sealed from the atmosphere, in combination with the vegetable oil.  
Kept at temperatures just below the boiling point of alcohol, the reaction takes place.  Afterwards 
the glycerin must be siphoned off, which, due to the high relative density, can easily be done by 
gravity separation.  Then excess alcohol is flashed from both the glycerin and biodiesel and 
recycled.  The glycerin must be treated and stored.  Reaction time varies widely with operating 
conditions.  An example from the literature had the reaction run at 60° C with 95% pure 
methanol, 2.0% NaOH catalyst, and mechanical stirring of 600 rpm, giving a yield of 97% after 
120 minutes (Georgogianni, Kontominas, Pomonis, Avlonitis, & Gergis, 2007). 
Supercritical 
Some drawbacks to the traditional catalyzed batch methods include glycerin removal, and a need 
for removal of catalyst, in addition to soaps or other unwanted byproducts.  In an effort to bypass 
these issues, a process was developed to produce biodiesel catalyst free using super-critical 
alcohol.  This supercritical state allows the methanol and oil to be in one phase, where the 
reaction occurs rapidly (Bunyakiat, Makmee, Sawangkeaw, & Ngamprasertsith, 2006).  In one 
study done at the graduate school of energy science at Kyoto University, rapeseed oil was 
transesterified using methanol at 350° C, 30 MPa, and at a ratio of 42:1 methanol to oil.  Their 
study showed that 240 seconds produced am 98.5% yield (Kusdiana & Saka).  Despite requiring 
higher operating temperatures and pressures, transesterification at supercritical conditions 
actually saves energy per liter of biodiesel (Kusdiana & Saka).  Figure 9 shows what a process 
diagram might look like for a supercritical transesterification: 
 
 
Figure 9: Supercritical Process Diagram (Microwave Assisted Reactor for Continuous Biodiesel Production From Honge, 
Jatropha & Palm Oils, 2008) 
 
23 
 
Microwave Transesterification 
In several studies microwave heating has been used for transesterification.  It has been performed 
both at standard, near and supercritical conditions, with and without catalysts, producing results 
similar to the conventional heating methods.  It represents an advantage in technology since very 
high temperatures are achievable in short periods of time (Geuens, et al., 2008).  It however 
remains largely untested on larger scales, so not much data is available on continuous processes 
or processes at a scale larger than lab bench. 
Microwave transesterification however is not easily scalable from laboratory small-scale 
synthesis to industrial scale production. The major limiting factor in the scale up of microwave 
technology is the penetration depth of microwave radiation into the absorbing materials, only a 
few centimeters depending on their dielectric properties (Kingston & Haswell, 1997). There are 
also potential safety issues involved with the use of large pressurized reaction vessels for batch 
transesterification in that any malfunction or rupture could be disastrous. For these reasons 
research groups have looked towards continuous flow microwave reactors where the reacting 
mixture flows through a microwave reactor with a small cross-sectional area, solving the 
problems of penetration depth and high pressure reaction vessels. The Con-Flow system 
developed by Groissman and Gedanken showed how a scale up of the microwave technique 
could be feasible. The advantages in reaction time and efficiency that come with the use of 
microwave irradiation in biosynthesis reactions like transesterification are worth the investment 
in the scale up of the technology.  
Microwave vs. Non-Microwave Transesterification 
The use of microwave heating in biodiesel production has been gaining popularity in recent 
literature. As previously mentioned, some of the advantages to microwave irradiation include 
decreased reaction times and improved yields. A recent study conducted by Andrade et al. (2011) 
estimated the energy consumed per liter of biodiesel produced via microwave heating to be 26.0 
kJ/L for a 7.2 L/min feedstock flow; significantly less than the reported 94.3 kJ/L required for 
conventional heating. This is due to the more efficient heating via stimulation of the dipoles of 
polar molecules within the compound; which encourages rapid molecular rotation and heat 
generated from molecular friction.  
Reaction times for the microwave technique found within the literature span a broad range on the 
order of 1-30 min; overall much less than conventional techniques. The enhanced reaction rate is 
due to the heating characteristics inherent to microwaves.  Conventional heating methods have 
the highest heat at the surface and diffuse inward, where in microwave heating this is reversed.  
Microwave heating also benefits from “superheating and local hot spot effect.” (Groisman & 
Gedanken, 2008)  Microwave radiation penetrates the medium causing the molecules to oscillate 
rapidly. This intermolecular friction causes the medium to heat. This is more efficient than 
convectional heating where only the outermost molecules are heated; and further molecules are 
heated through conduction, a much slower form of heat transfer than radiation.  One notable 
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study was able to reach 99.8% conversion using 0.015:1 of catalyst (KOH) to oil ratio and 7.5:1 
of methanol to oil molar ratio for 60 minutes using the conventional technique (Shakinaz, 
Ahmed, & Shakinaz, 2010). Shakinaz et al. was able to obtain similar results (97.4%) using the 
microwave technique in just under two minutes. This was accomplished using an advanced 
laboratory grade microwave (Start S Milestone) complete with reaction vessel, overhead 
condenser which allowed for fast uniform microwave irradiation at atmospheric pressure within 
the cavity. For studies using commercial microwave ovens the reaction times were notably closer 
to 20-30 minutes (Andrade, A., P.J., & D., 2010).   The improved performance of the scientific 
grade microwave is due to the high quality energy diffusers (Milesone, 2010) allowing for truly 
uniform distribution of microwave radiation. Commercial microwaves do not heat nearly as 
evenly. Reacting vessels patented by Milestone also come with a vent and reseal vessel 
technology that can relieve excess pressure (Milesone, 2010). 
Batch reactions have a limit in the ability of microwave radiation to penetrate the reacting 
medium on the order of a few centimeters, depending on the dielectric properties of the mixture 
(Kingston & Haswell, 1997). For most laboratory scale purposes this is a nonissue, however the 
efficiency of microwave heating of larger scale production can be improved through the use of a 
continuous flow microwave reactor. A recent Israeli study designed a closed circuit continuous 
flow microwave system for the production of nanoparticles and biodiesel synthesis reactions 
(Groisman & Gedanken, 2008). The biodiesel reaction involved the transesterification of Canola 
and Sunflower oil in methanol and KOH catalyst. The product yield of the Con-Flow system was 
92% and 89% for the canola and sunflower oils respectively using 500 mL of oil each and being 
irradiated for seven minutes. Using the same reactant ratios at 50 mL and 500 mL for a batch 
microwave reaction yielded 97% and 64% respectively for the canola oil; which illustrates the 
diminishing efficiency of microwave heating for larger batch scale processes. Groisman and 
Gedanken contend that their process is more easily scalable to large scale production, and note 
that their current laboratory system cannot handle quantities smaller than 200 mL. 
Pyrolysis 
Pyrolysis is the decomposition of biomass, or other feed stock, at high temperature and in the 
absence of oxygen.  The operating temperature and rate of heating have drastic effects on the 
products.  Pyrolysis will produce products in three phases in the form of char, oil and gases.   At 
ideal operating conditions, oil constitutes the plurality of the products, however at varying 
temperatures, the char to gas to oil ratio will shift (Onay & Kockar, 2003).   A study was 
conducted in which rapeseed oil was subjected to fast, slow and flash pyrolysis and it was found 
that the highest yields were found at middling temperatures, 550° C, and relatively slow heating, 
30° C/min (Onay & Kockar, 2003).  Even at its maximum, the oil yield was still only 68%, much 
lower than similar processes, and this was only achieved at a rate of heating of 300° C/min, at 
550° C, and a particle size range of 0+0.6-1.25 mm in a conventional microwave oven (Onay & 
Kockar, 2003). 
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Microwave Pyrolysis 
Microwave pyrolysis is much the same as convectional pyrolysis: plant matter is heated to 
approximately 500 ºC, which results in the release of hydrocarbons in the form of oil and gas, 
leaving behind a char.  Bio-mass does not absorb microwave radiation strongly (Kreiger-
Brockett, 1994), so if efforts are made to assure penetration depth of equal size or greater than 
that of the particles, i.e. grinding the biomass into smaller particles, then uniform heating can be 
achieved.   
Microwave vs. Non-microwave pyrolysis 
Microwave heating is very accurate and even through the feedstock, and the heat control can be 
given within very narrow margins. As seen in an experimental case study by Dominguez, 
Menendez Inguanzo and Pis, a conventional electric furnace and microwave oven were used to 
compare the different methods of pyrolysis. Multiple trials were run in the microwave and 
yielded an average of 37.7% char, 12% oil and 50.4% gases compared to the electric furnace 
which produced 35.9% char, 6.1% oil and 61.0% gases (Dominguez, Menendez, Inguanzo, & 
Pis, 2004). 
 
When pyrolysis was carried out in the electric furnace, the percentage of oil decreased and the 
gas yield increased with respect to the values obtained in the Microwave. However, there was no 
significant change in char yield. The increase in gaseous product is thought to have been 
predominantly due to the secondary cracking of the pyrolysis vapors favored by the electric 
furnace. In the electrical furnace the reactor walls remain at higher temperatures than those in the 
microwave oven thereby allowing the volatile products to be subjected to higher temperatures for 
longer times. The high temperatures reached by the volatiles in the electric furnace favor 
secondary chemical reactions. 
 
Dominguez, Menendez Inguanzo and Pis also analyzed the oil fraction for its elemental 
composition. The results showed that oils resulting from microwave pyrolysis were more 
aliphatic and oxygenated than those produced by conventional heating at the same temperature 
(1000 °C). Secondary reactions take place to a higher extent during conventional heating which 
gives rise to the formation of polycyclic aromatic hydrocarbons (PAHs). During microwave 
pyrolysis the sample is heated directly so that it reaches a high temperature in a very short time 
while the reactor walls remain at a lower temperature than the bulk of the sample. Under these 
conditions the residence time of the volatiles in the hot zone is relatively short, which does not 
favor secondary reactions. In conventional heating the heat flow comes from the walls of the 
reactor so the temperature is higher in the reactor than inside the bulk of the sample. The 
volatiles therefore have a longer residence time at high temperatures than in the microwave oven, 
which gives rise to more favorable conditions for the formation of PAHs. 
 
In conclusion Dominguez, Menendez Inguanzo and Pis’ experiments showed pyrolysis can be 
achieved by microwave assisted pyrolysis using graphite as microwave absorber. Temperatures 
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of up to 1000 °C were reached. The pyrolysis oils obtained contained a high calorific value and a 
low proportion of compounds of considerable environmental concern such as PAHs. Conversely, 
heating the sample to high temperatures using conventional methods gave rise to an oil rich in 
PAHs. Depending on the sample used, the oil produced by microwave heating had a high 
proportion of long chain aliphatic hydrocarbons which is of significance for its use as fuel. Some 
important chemicals from an industrial point of view were also obtained in a high proportion, 
such as benzene, toluene and styrene.  
 
Thermal Depolymerization  
Thermal Depolymerization (sometimes, and furthermore, abbreviated TDP) is one of the latest 
methods for production of useful light oils from waste organic matter (Adams, Appel, Einfeldt, 
& Freiss, 2006).  In essence, it is the logical next step from the latest pyrolysis techniques, 
improving where they had failed previously.   
One-step pyrolysis has the advantage of being simple; however there are several key draw backs.  
Product from such processes is rich in heavier hydrocarbons, i.e. tar, which are undesirable, and 
not of high value.  Additionally, the typically large reaction vessels contribute to uneven heating, 
leading to variation in quality and quantity of useful products.  Lastly, wet feedstocks, as bio-
mass can be, take additional energy input to remove the water.  The net result of these factors 
means that one-step pyrolysis is energy and capital costly (Adams, Appel, Einfeldt, & Freiss, 
2006).  Two-step pyrolysis methods were conceived to address some of these issues, and 
ultimately allowed for greater control of the hydrocarbon mixture produced, encouraging lighter, 
and more valuable oils.   
The first step is a “wet” stage, in which waste materials are hydrolyzed, either in the presence of 
an acid, or at reasonably high pressures and temperatures, resulting in what is called chemically 
assisted degradation of a polymer.  This process has seen extensive use in the industry to fracture 
polymers from polyester (Konishi, Keisuke, & Isao, 1987) to cellulose (Stephens, Whitmore, 
Morris, & Bier, 2008).  The second step is the “dry stage,” in which the high pressure is rapidly 
released, flashing the water off as steam, and subsequently heated to boil any remaining water, 
and continue to break down the hydrocarbon mixture.  While a vast improvement over the one-
step pyrolysis, this method still suffers from contaminants when processing sulfur or chlorine 
containing compounds, and still is energy costly as a result of the need to boil water. 
TDP combines these two methods in a rather elegant manner.  A feed stock is ground into 
particles and added to water, to create a slurry.  This slurry is subjected to a high pressure 
hydrolysis.  The water is forced into the feed at this stage, which, due to water’s more agreeable 
thermal properties, allows for moderate temperatures to uniformly hydrolyze the feedstock.  In 
addition to breaking the hydrocarbon chains down, the dissociated water will also combine with 
undesirable ions, leaving the oil mixture relatively contaminant free (Lemley, 2003).  Then the 
resulting mixture is then rapidly depressurized, releasing between 50% (Adams, Appel, Einfeldt, 
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& Freiss, 2006) and 90% (Lemley, 2003) of the free water as steam, which can be used to heat 
the initial feed slurry.   
After separating out solids and minerals left behind (which can be repurposed as fertilizer), this 
mixture proceeds to the second step, where it undergoes higher temperatures, breaking down the 
longer hydrocarbon chains into more useful products.  At this point, the products are separated 
one more, but by fractional distillation.  The gaseous products can be burned on site as fuel for 
the process, and the light and heavy oils can be sold (Lemley, 2003).  Although a reasonably 
simplistic process, this combination of methods eliminates the issues outlined earlier.  TDP is 
energy efficient, according to Changing World Technologies, the company who patented this 
process, out of every 100 Btu produced in oil, it takes 15 Btu to run the process (Lemley, 2003).  
Additionally, the recycling of water, use of flue gas produced in the process, and application of 
mineral byproduct as fertilizer, the process is quite inexpensive from a capital standpoint.  
Lastly, it has been shown that the feed can be comprised of an extraordinarily wide variety of by-
products from food manufacture, from paper and wood industry manufacture, plastics, post-
consumer electronics, municipal solid wastes, even infectious medical wastes or biological 
pathogens (Adams, Appel, Einfeldt, & Freiss, 2006).   
Waste  
When processing the Jatropha seed to produce a biodiesel, the disposal of the by-product waste 
cake can be a major problem. The cake, unlike most biomass waste cakes, cannot be directly 
used as feed for livestock due to its toxicity. A one ton per day biodiesel plant produces 
anywhere from two and a half to three tons of waste seed cake, and the majority of it is 
biodegradable (Lele, 2001). Disposal of the seed cake by-product can be achieved by 
incineration, landfills, dumping in the sea or other bodies of water, etc. However these methods 
pose many hazards regarding illness, disruption of biogeochemical cycles of several elements or 
pollution. Therefore the most efficient and sensible disposal method would involve recycling the 
by-product. 
The seed cake by-product obtained from the oil extraction process as well as the pyrolysis 
biodiesel production process can be used as a valuable organic fertilizer to minimize waste. The 
seed cake by-product is comparable to other organic sources such as cow manure and mulching; 
offering essential nutrients. The essential elements found in common commercial fertilizers 
include Nitrogen, Phosphorus and Potassium. The seed cake from chemical extraction methods is 
found to have 5.73% Nitrogen, 1.5% Phosphorus and approximately 1% Potassium. The left over 
char from pyrolysis is made up of 10.8% Carbon, 0.58% Hydrogen and 0.47 Nitrogen. (Kumar & 
Sharma, 2008) 
Because the biodegradable waste consists of the key elements found in comparable fertilizers, if 
handled properly it would maintain the natural balance of essential elements and thereby 
promote quality harvests. The organic fertilizer produced would be of high quality providing a 
weedless and excellent soil conditioner. As crops are reaped, nutrients from the soil are depleted. 
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The fertilizer generated would aid in replenishing the fast decreasing resources and nutrients.  
This would benefit Haiti especially due to its typically nutrient deficient soil.  
In many parts of the world, farmers are actually more interested in the Jatropha seed cake than 
they are with the oil (Lele, 2001). The seedcake is widely known as a very valuable form of 
fertilizer equivalent in fertility to chicken manure. Farmers involved in traditional oil processing 
carefully guard the seedcakes and use them to fertilize rice fields as well as up-land crops. Some 
farmers are also using the seedcakes to fertilize coffee plants and other cash crops. 
 
While no preparatory work is necessary to convert the seed cake to a valuable fertilizer, the seed 
cake waste would be even more desirable if it can be used as a livestock feed like most other 
biomass waste.  
4. Cost Analysis 
A comprehensive cost analysis of different production process scenarios for Jatropha curcas was 
conducted by BP oil in 2008 (Chen, Landsman-Roos, Naughton, & Olenyik, 2008). In order to 
assess the viability of Jatropha curcas for an impoverished nation like Haiti we will highlight the 
optimized cost scenarios available based on this report. The dry seed yield of Jatropha planted on 
normal land after six years is approximately 3.45 tons per hectare. Since the majority of Haiti’s 
land is marginal at best, cost evaluations based on a seed yield of 1.8 tons per hectare with a cost 
of $128.32 per ton of seed will be used.  
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Oil Extraction 
The following table was compiled by Chen et al. It highlights a comparison of oil extraction 
efficiencies based on a theoretical maximum determined using laboratory scale n-hexane Soxhlet 
extraction (Shah et al, 2004). As it was desirable to avoid n-hexane for environmental reasons; 
BP limited the study to the alternatives observed within Table 5. 
Table 5 - Oil Yields 
Method Oil Yield 
 Theoretical Maximum 44.00% 
Presses 
Hand Press 22.55% 
Motor Press 22.98% 
Industrial Press 27.00% 
Aqueous Oil Extraction 
Basic AOE 16.72% 
AOE with sonication 29.48% 
Aqueous Enzymatic Oil Extraction 
(AEOE) 28.16% 
AEOE with sonication 32.56% 
Three Phase Partitioning 
Basic TPP 36.08% 
Enzyme Assisted Three Phase 
Partitioning (EATPP) 40.48% 
EATPP with sonication 42.68% 
 
Of these alternatives enzyme assisted three phase partitioning with sonication was reported to be 
the most efficient at 42.68% oil yield per seed. Once cost was considered however it was found 
that all enzyme based processes were too expensive to be feasible. Basic TTP amounted to 
$13.198/Liter and aqueous enzymatic oil extraction with sonication leads to an oil value of 
$1.80/Liter due to the high cost of industrial enzymes.   
A more reasonable price range was found for the manual press under the approximation that it 
produces 245 liters of Jatropha oil per ton of seeds and 3,375 liters of oil per year. The cost 
figures and the total present discounted value over 10 years led to a price of $0.474 per liter of 
oil. The manual press is particularly attractive in situations where a minimally trained labor force 
is available, and this in turn could hold additional benefits in the form of jobs and savings.  
 
30 
 
Of all the extraction techniques subjected to BP’s cost analysis, aqueous oil extraction with 
sonication proved to be the best in terms of cost with a discounted ten year present value of 
$0.356/Liter of oil. This estimate was based on the scale up of an experiment performed by Shah 
et al; replacing the laboratory centrifuge and ultrasonication unit with a Decanter Noxon 
HSAPSS Year of Make 1994 (YOM 1994) then priced at $40,600, and 4 Hielscher UIP 1000 – 
Industrial Ultrasonic Processor priced at $63,800. BP factored in the power consumption and 
flow capacities to determine the value of the oil. In spite of the large initial investment in capital, 
the end result discounted after ten years was a cheaper oil price. However as mechanical 
extraction techniques proved reasonably inexpensive at 47.4 cents per liter of Jatropha oil; an 
investigation which factors in actual labor costs could prove to be crucial in deciding on the more 
cost effective method, as a more skilled labor force is required to operate an ultrasonic processor 
than a motor press. 
Biodiesel Production 
BP only looked at acid-catalyzed transesterification using sulfuric acid as catalyst as enzyme 
pricing on an industrial scale is unreliable.  Table 6 excerpted from the BP cost analysis outlines 
the cost figures of the various components associated with this process on the next page. 
Table 6 - Cost of Required Parts by Year 
Year Centrifuge 
4 x 
Ultrasonic 
Flow Cell 
Set 
Sulfuric 
Acid 
Methanol Energy Labour Jatropha Oil Total Cost 
USD 
per 
Liter 
Oil 
Present Value 
Present 
Value of 
Liter Oil 
1 $40,600 $63,800 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,231,450 $0.690 $2,231,450 $0.690 
2 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,936,409 $0.599 
3 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,760,372 $0.544 
4 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,600,338 $0.495 
5 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,454,853 $0.450 
6 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,322,594 $0.409 
7 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,202,358 $0.372 
8 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $1,093,053 $0.338 
9 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $993,684 $0.307 
10 $1,000 $2,000 $6,365 $313,933 $10,000 $10,000 $1,786,752 $2,130,050 $0.658 $903,349 $0.279 
        Total:   $14,498,460 $0.448 
The calculated price per liter of biodiesel is $0.658 which was significantly lower than the July 
2008 price of fossil diesel at $1.012/liter according to the New York Mercantile Exchange 
(Chen, Landsman-Roos, Naughton, & Olenyik, 2008).  
5. Environmental Impacts 
Emissions 
One of the biggest differences that can be seen from the shift from fossil fuels to biodiesel is in 
regards to smog. Using biodiesel can actually reduce greenhouse gases. Both unburned 
hydrocarbons and nitrogen oxides in diesel fuel account for most of the particulates in air 
pollution. In biodiesel products there is a substantial reduction of unburned hydrocarbons if 
blends are catered to the engine. Tests that have been conducted according to EPA regulations 
have shown that the hydrocarbon exhaust emissions of biodiesel are half that of fossil diesel. In 
addition to reduced carbon emissions, continued use of biofuels could reduce atmospheric levels 
of CO2 in the long term (Phalan, 2009). 
 
Land 
While positive impacts such as reduction in fossil carbon emissions at the combustion stage are 
evident with the use of biofuels, the unforeseen effects such as from fertilizer production, 
agriculture, and fuel processing are more complex. Often cultivation processes or production and 
utilization techniques lead to greater carbon emissions. Agricultural production of biomass is 
relatively land intensive and can involve higher transportation efforts than fossil fuels. With the 
cultivation of biomass there is also a risk for water pollution. Nitrates, phosphates, pesticides and 
plant protection agents all contribute to pollution. 
 
Land use is another important concern for biofuel crops. Using idle or abandoned land for 
biomass production is a positive way to utilize uninhabited and unwanted land. Crops that 
directly cause the replacement of carbon-rich land covers such as savannas, forests and peat 
lands are likely to worsen rather than better the climate change (Phalan, 2009). Biomass 
agriculture that neglects to effectively plan land use may face the effects of large inputs of 
nitrogen-based fertilizers. Nitrogen dioxide has a global warming potential 296 times greater 
than that of carbon dioxide which can be a benefactor to climate change. To avoid these 
problems biofuel crops must properly be maintained and planned. They should not replace 
carbon-rich land covers or displace any agriculture that would require vast fertilizer applications. 
Degraded or abandoned lands are seen as the most viable option for large-scale cultivation of 
biofuels. (Phalan, 2009) 
 
The Jatropha plant fortunately flourishes in degraded soil. Often biofuel farming is seen to 
compete with the food market however, Jatropha is toxic and therefore is not in competition with 
food crops. 
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Biodiversity 
Haiti is home to 21 endangered species (Encyclopedia of the Nations, 2011) and where some are 
even now listed as extinct. Currently agricultural expansion into natural land covers is a threat 
and the expansion of the biofuel agriculture market only creates greater pressure. Therefore due 
to the threat of extinction it is also important that no habitat be destroyed to provide areas for 
Jatropha cultivation.  
 
Typically arid areas tend to have fewer species than wet areas; the production of Jatropha may be 
more suitable in arid areas however it is still important to respect the natural inhabitants of the 
area. If crop regulation were to be weak, areas may also see adverse impacts on the biodiversity. 
Biofuel crop production is relatively a new progression and has yet to become large scale so 
there is little information available in relation to the effects on biodiversity, however all 
precautions must be considered and taken. 
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III. Methods 
1. Extraction 
n-Hexane Soxhlet Extraction 
Oil extraction was performed using a Chemglass 300 mL soxhlet apparatus with n-hexane as solvent. The 
following procedure was used: 
1. Crack seeds and remove kernels from their shell. 
2. Grind the kernels in a coffee grinder. 
3. Place 20 g of Jatropha grounds into a porous cellulose thimble.  
4. Insert thimble into the Soxhlet apparatus. 
5. Prepare 300 mL of n-hexane in the bottom flask of the Soxhlet apparatus. 
6. Insert flask into Soxhlet apparatus and heat to approximately 90°C for four hours. 
7. Remove flask and evaporate the solvent into an overhead reflux condenser separating the 
n-hexane from the remaining oil. 
 
The Soxhlet apparatus allowed the extraction of oil from the Jatropha grounds using a distillation 
extraction method.  Twenty grams of Jatropha kernels were ground in a food processing unit. 
The grounds were placed into a porous cellulose thimble inside the extraction chamber. The 
extraction chamber was placed into the Soxhlet apparatus above a flask containing 300 mL of n-
hexane and under an overhead condenser. The flask was submerged in a water bath and heated to 
approximately 90 °C using a hotplate, evaporating the solvent into the condenser which trickled 
back down into the extraction chamber soaking the Jatropha grounds. Eventually the oil was 
concentrated in the bottom flask, and the n-hexane was evaporated and reclaimed into another 
flask using an overhead condenser leaving only the lipids behind. 
2. Biodiesel Production 
Microwave Pyrolysis 
The experiment was conducted inside a fume hood in Goddard Hall using a Panasonic NN-
SD797S.  The procedure used as the initial guideline for our experiment was as follows: 
1. Prepare 50g sample of crushed Jatropha seeds in 500 mL flask; cover with upside-down 
750 mL flask.  
2. Place in microwave cavity, microwave for 20 minutes at 1 kW. 
3. Remove from microwave using tongs (WILL BE EXTREMELY HOT) and immediately 
record the temperature. 
4. Allow to cool. 
5. Physically separate the solid char from the liquid pyrolyzates, and weigh. 
6. Weigh the liquid pyrolyzates. 
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As Jatropha resources dwindled, the mass used per run was reduced to 25.0 g.  After each run 
was completed, the yield was calculated assuming conservation of mass: 
𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑀𝑐ℎ𝑎𝑟 + 𝑀𝑜𝑖𝑙 + 𝑀𝑔𝑎𝑠 
Samples of the oil produced were diluted to 1/25 concentration with organic solvent, and 
analyzed by use of the gas chromatograph. 
Microwave Transesterification 
The transesterification processes we performed in the lab were acid catalyzed.  The reagents used 
were coconut oil and methanol, and the reaction occurred while being irradiated with 600W of 
microwave power, for 30 minutes as per the following procedure: 
1. Prepare the acid catalyst by adding 10.0 g of silica gel to 100 mL of aqueous H2SO4 
(50%,) stirring for 30 minutes at room temperature. 
2. Filter, and dry at 150 °C for 15 hours. 
3. Prepare 1.50 mL methanol with 0.50 g of SiO2/50% H2SO4. 
4. Add 5.00 g of Coconut Oil. 
5. Microwave for 30 minutes at 600W. 
6. Cool resulting mixture. 
7. Allow to separate for 12 hours, and decant out catalyst. 
8. Flash any remaining alcohol. 
9. Prepare samples for analysis in the gas chromatograph. 
In addition, as a precaution, the temperature of the mixture was measured periodically to gauge 
the temperature of the reaction.  It was found that at no point during the process did the mixture 
exceed 70 º C.    
3. Fertilizer from Production Processes  
 
As mentioned earlier the components found in the waste cakes are comparable to commercial 
fertilizers, suggesting it may in fact provide similar benefits with regards to plant growth. To 
create a fertilizer from the seed cake waste production through the extraction methods and the 
char from the pyrolysis processes, no prep was necessary. However since n-hexane was used as a 
solvent during the soxhlet extraction process, care had to be taken to completely remove any 
residual n-hexane present through thorough drying in an oven.  
  
 
36 
 
20 Artemisa annua plants in four inch by four inch pots were selected and divided into four 
groups: one control with no added fertilizer and three experimental groups, with char from 
pyrolysis, seed cake from the Soxhlet extraction, and commercial fertilizer known as Osmacoat 
(N, P and K). The seed cake and char used can be seen in Figure 10  below.  
 
Figure 10 Seed Cake from Soxhlet Extraction (left) Char from Pyrolysis (right) 
 
The experiment was conducted over six weeks. The plants were fertilized at the start of the first 
week then watered biweekly in the Worcester Polytechnic Institute greenhouse. Height 
measurements were taken from the plants’ bases in the soil to the upmost portion of its stalk. 
Qualitative analyses were also preformed, taking note of the color of the leaves and any 
additional leaf growth. In order to easily track any additional plant growth or new shoots leaves 
lower on the stem were removed. 
To ensure all waste was minimized all char from laboratory pyrolysis and seed cake from soxhlet 
processes produced were scattered evenly amongst all five plants within their respected 
experimental groups. It was presumed that a complete use of by-product would be desirable in a 
full scale operation.  Approximately 50 grams each of char, seed cake, and Osmacoat were 
spread out across their respective experimental groups. Exact amounts of the char and seed cake 
can be found in Appendix A – Data tables. 
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IV. Results & Discussion 
1. Extraction 
n-Hexane Soxhlet Extraction 
The oil yields from n-hexane Soxhlet extraction across three runs are reported in Table 7: 
Table 7: Jatropha oil yields from n-hexane Soxhlet Extraction across three runs. 
Run Gound seed [g] 
Seed cake 
[g] Oil [g] T [C] t [h] Yield [%] 
1 20.162 18.789 11.425 91 4 56.7 
2 20.317 10.209 9.655 90 3 47.5 
3 20.154 9.906 14.338 84 3.5 71.1 
 
Yields within this table were determined as the mass of oil collected per mass of ground seeds 
used. Literature dictates that Jatropha seeds contain 30-40 weight percent oil thus qualifying 
these yields as unusually high. This was attributed to residual n-hexane dissolved in the oil at the 
time of weighing. Once this oil reached the reaction stage however, it had had the proper time for 
the hexane to evaporate out. 
2. Biodiesel Production 
Microwave Pyrolysis 
Five runs of microwave pyrolysis were performed over the duration of this project. The weight 
distribution of the pyrolyzates oil, gas and char are depicted in Figure 11. 
 
Figure 11: Weight distribution of oil, gas, and char, produced under microwave pyrolysis for 20 minutes at 1 kW. 
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While the distribution demonstrates that the laboratory process was fairly consistent across all 
runs, the faster rate of heating involved with microwave irradiation actually favored the 
production of char and gas over actual oil. In order to maximize the production of biodiesel 
through pyrolysis a slower rate of heating would be required (Onay & Kockar, 2003) as 
previously discussed. An average distribution of all runs can be seen in Figure 12. 
 
Figure 12: Average weight distribution of oil, gas, and char produced across five runs of microwave pyrolysis. 
As can be ascertained in the above pie chart, the average weight distribution of oil produced via 
microwave pyrolysis was only 2%. 12% is typical in the literature on microwave pyrolysis 
suggesting that microwave heating is too fast for conventional use in pyrolysis for the production 
of oil.  
The values obtained were lower compared to values found in microwave technology literature 
due to a number of factors. The pyrolysis experiment was conducted in the presence of oxygen. 
Additionally a fair amount of oil adhered to the char thus misrepresenting itself as char weight.   
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Microwave Transesterification 
The methanol:oil ratio was calculated using a weighted average of molecular weights based on 
compositions found by Akbar et al:  
Table 8 - Composition of Jatropha Oil 
Lipid # Name MW [g/mol] Weight % in Jatropha Oil 
C10:0 Capric Acid 172.26 0 
C12:0 Lauric acid 200.31776 0 
C14:0 Myristic acid 228.37092 0.1 
C16:0 Palmitic acid 256.42 14.2 
C16:1 Palmitoliec 254.408 0.7 
C17:0 Margaric 270.45 0.1 
C18:0 Stearic acid 284.48 7 
C18:1 Oleic acid 282.4614 44.7 
C18:2 Linoleic acid 280.45 32.8 
C20:0 Arachidic 312.53 0.2 
 
Furthermore, it was said that: 
𝑀𝑊𝐽𝑎𝑡𝑟𝑜𝑝ℎ𝑎 𝑜𝑖 = �𝑊𝑒𝑖𝑔ℎ𝑡 %𝑖 × 𝑀𝑊𝑖
𝑖
 
Where i represents the various fatty acids outlined in Table 8.  From this relation it was 
determined that the Jatropha oil had a molecular weight of 277.48 g/mol.  Then molar ratio of 
methanol:oil was calculated thus: 1.5 𝑚𝐿 × 0.7918 𝑔𝑚𝐿 × 𝑚𝑜𝑙32.04 𝑔 5.0 𝑔 × 𝑚𝑜𝑙277.48 𝑔 = 2.06 = 𝑛𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙:𝑛𝐽𝑎𝑡𝑟𝑜𝑝ℎ𝑎 𝑂𝑖𝑙  
The yield of the transesterification process was done as such: 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑜𝑖𝑙 = 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 
This should be very close to one, but in our trials it generally was not.  This will be discussed in 
further detail in the error section.  Suffice it to say that the process was not without its physical 
flaws which ultimately resulted in unexpected loss of material. 
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The concentration profile then assessed using the Agilent technologies gas chromatograph in 
Gateway, Worcester Polytechnic Institute.  Figure 13 summarizes the results of the three 
Jatropha trials below: 
 
Figure 13 - Concentration Profiles of Transesterified Jatropha Oil 
Trial number three is clearly the outlier in these data, yet also represents the most complete 
methylation of the fatty acids as indicated by the larger concentrations and presence of 
apalmitoliec acid methyl ester peak.  Due to the errors previously mentioned the magnitude of 
the concentrations differs greatly, however the ratios within each run are quite consistent.  
Examining the numerical data, particularly the percent composition illustrates this: 
Table 9 - Concentration Profiles of Transesterified Jatropha Oil 
 Jatropha 1 Jatropha 2 Jatropha 3 
Compound Concentration 
[mg/L] 
Composition 
[%] 
Concentration 
[mg/L] 
Composition 
[%] 
Concentration 
[mg/L] 
Composition 
[%] 
C16:0 359.8 19.3 679.4 18.2 987.7 18.6 
C16:1 0 0 0 0 52.5 1.0 
C18:0 172.4 9.3 328.3 8.8 460.8 8.7 
C18:1 821.2 44.1 1627.9 43.7 2237.3 42.0 
C18:2 507.8 27.3 1091.0 29.27 1585.6 29.8 
 
Each sample shows a composition of primarily oleic acid, linoleic acid and palmitic acid methyl 
esters, which is what was expected and desired (Chempro Technovation Pvt. Ltd.).  
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Next, the coconut oil was transesterified.  All bio-oil feed stock has unique fatty acid contents, 
and as suchdistribution of fatty acidsin coconut oil is vastly different from that of Jatropha oil 
due to their inherent natures. This produced different peaks corresponding to the fatty acids that 
were available to be methylated by the reaction.  Figure 14 summarizes the results obtained from 
the GC: 
 
Figure 14 - Concentration Profiles of Transesterified Coconut Oil 
Aside from runs one and four, which were distinct outliers, the six trials performed were very 
consistent in their distribution.  Trial one was in fact inadvertently conducted at different 
conditions than the following five trials, (at 1/5 of the planned wattage), yet still produced 
similar relative concentrations but at larger magnitudes.    
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In both the coconut and Jatropha trials complete methylation was not achieved, which can be 
seen by the small peaks near the baseline in Figure 15.  
 
Figure 15 - Raw GC Data for Coconut and Jatropha Biodiesel 
Please see Appendix B – Gas Chromatograph Data for enlarged versions of these charts.  The 
large primary peaks represent fatty acid methyl esters, labeled by their lipid number, and the 
aformentioned series of smaller peaks near the baselinecorrespond to unmethylated fatty acids.  
The presence of these peaks is the result of the methanol:oil ratio chosen for this experiment, 
which was on the low side, 2:1, where values such as 5:1, 7:1 even 13:1 are not uncommon.  
Similarly the rate of irradiation was fairly high in this experiment, 600W, where in the literature 
higher wattages were shown to produce less complete methylation (Perin, et al., 2008). 
The energy required to produce biodiesel on this scale and in this manner was fairly minimal.  
Using a simple conversion it can be said that: 5 𝑠𝑒𝑡𝑡𝑖𝑛𝑔10 𝑡𝑜𝑡𝑎𝑙 𝑠𝑒𝑡𝑡𝑖𝑛𝑔𝑠 × 1200𝑊 × 60𝑠𝑒𝑐𝑚𝑖𝑛 × 30 𝑚𝑖𝑛 × 1000−1𝑘𝐽𝐽4.3 𝑔 𝑜𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐶𝑜𝑐𝑜𝑛𝑢𝑡 𝑂𝑖𝑙 = 251.12𝑘𝐽𝑔  
Then based on the calorific value of Jatropha oil, which is 39.7 kJ/g (Ramesh, Samapathrajan, & 
Venkatachalam), on the basis of one gram, it is found that the energy requirement is: 39.7 𝑘𝐽251.12 𝑘𝐽 = 0.15 (𝑘𝐽𝑘𝐽) 
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Compared to regular petroleum diesel this is quite costly.  Petroleum diesel’s energy requirement 
is 1.26 MJ/MJ (Elsayed, Matthews, & Mortimer, 2003), implying that you get 126% of the 
energy you put into producing it.  It should be noted that the total energy cost of microwave 
transesterification would include the heat needed to extract oil from the seeds, and to recover the 
solvent.  In this calculation however, data from our coconut oil trials was used and thus this cost  
was not included. 
3. Fertilizer Analysis  
The plants were monitored for a total of five weeks, allowing for four intervals of growth to be 
calculated. In the following chart, the weeks refer to weeks of growth, i.e. week one is the first 
week in which the plants’ growth was being observed.  
In Figure 16 below, it can be seen that the magnitude of the growth was largest during the first 
week of growth that the plants had been fertilized. This can be attributed to the fact that the 
plants had not been fertilized prior to this point and the plants were significantly affected by the 
sudden increase of nutrients. As the weeks continued the growth levels off. This too can be 
attributed to the nature of the fertilization period. The plants were only fertilized once at the 
beginning, and then watered for the following weeks. As time went on, the nutrients can be 
assumed to be being consumed by the plant and thus grows at a reduced rate. 
 
Figure 16 - Plant Growth as a function of Fertilizer Type 
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The trends seen in the graph prove the literature theory that the char and seed cake waste do in 
fact prove to be comparable to commercial fertilizer. The char fertilizer proved to be the most 
consistent in plant growth per week. The plants treated with the seed cake and commercial 
fertilizer experienced highly stimulated growth initially, but the trend decayed nearly 
exponentially in following weeks.  In total the most cumulative growth was achieved by the seed 
cake, which produced just over five inches of growth in six weeks.  
While the control group did follow the same trend as the fertilized plants, its drop off in growth 
was much more significant. This may be attributed to watering the plant but once the plant 
reached a certain height it stabilized and growth was short.  
In order to promote plant growth approximately 20 elements are necessary. Some of the essential 
elements are derived from air and water- Carbon, Hydrogen, and Oxygen. Other elements are 
absorbed through the soil and nutrients one may provide. Nitrogen, Phosphorus and Potassium 
can be referred to as the macronutrients that are found in most packaged fertilizers (What is 
Fertilizer and Why Do Plants Need It?, 2011). 
In all of our fertilizer samples tested each contained Nitrogen which is a major component of 
proteins, hormones, chlorophyll, vitamins and enzymes essential for plant life. Nitrogen is a 
major influence on the stem and leaf growth; however Nitrogen levels must be maintained. Too 
much Nitrogen may lead to a delay in plant growth while not enough causes the yellowing of the 
leaves and stunted growth, as seen in the control group. (Plant Nutrients) The once yellowish 
wilting leaves of the fertilized plants were all noted to be a lot fuller and greener, this can be seen 
in Appendix D. This can be credited to the Nitrogen, since Nitrogen is a significant part of 
chlorophyll production. 
Phosphorus was found in the seed cake fertilizer and Osmacoat which is necessary for 
photosynthesis, protein formation and further growth. Phosphorus also is essential for flowering. 
During the experiment no new plant growth was noted which may be due to the low Phosphorus 
levels. Phosphorus effects rapid growth (Plant Nutrients). This is why all the plants fertilized at 
week one had a drastic increase in growth, except the char. The char contained no phosphorus 
and while its growth was much more consistent the initial growth was not as extreme as the other 
groups.  
 Potassium was also found in the Osmacoat and seed cake which is necessary for the formation 
of sugars, starches, carbohydrates and further protein synthesis.  Potassium is vital in water 
control and the sturdiness of the plant. The control group was noted at the conclusion of the 
experiment to be wilted, this can be attributed to the fact Potassium levels were extremely low 
since no fertilizer was applied. (Plant Nutrients) 
While the char proved to have the most consistent growth, the seed cake proved to have the most 
drastic growth. One explanation for these trend differences is because of the nutrients dispersed. 
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The plants fertilized with the seed cake were supplied with an abundance of nutrients which 
aided to quick growth, however after the nutrients were absorbed, the growth stabilized. Recent 
studies at Michigan State University have shown that not only an increase in Phosphorus and not 
overdosing on Nitrogen results affects the plants growth, but the elements ratios as well.  While 
the char contained mostly Carbon, the ratio of the Carbon, Hydrogen and Nitrogen proved to 
have a positive effect to promote consistent plant growth (Fertilizers). 
While no new leaf growth was recorded for any of the groups, the char fertilizer proved to 
maintain the healthiest looking plants. With additional time leaf growth may have may have been 
observed 
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V. Experimental Error 
 
With any project attempting to produce results in uncertain territory, unexpected set backs are 
bound to arise, and this experiment was no exception. While there were issues with the 
acquisition of necessary equipment and materials, along with a few notable accidents within the 
experimental trials, the dependence on the GC fortunately rendered the necessity of a 
quantitative error analysis unnecessary. This section will therefore offer a qualitative error 
analysis outlining how the various errors affected the results. 
Extraction 
Delays in the arrival of the Soxhlet apparatus and extraction thimbles placed a tight time 
constraint on the actual experimentation with Jatropha transesterification, and further stalled the 
seed cake fertilizer portion of the experiment. Furthermore a limited supply of n-hexane required 
that an additional lengthy n-hexane reclamation step be included in the procedure; further 
delaying the extraction of all the necessary oils for the transesterification procedure. Presence of 
excess n-hexane in the extracted oil contributed to the unusually large oil yields reported per 
mass of ground seed kernels. Fortunately biodiesel conversion calculations were based solely on 
the results of the GC, which relied on residence times of various FAME groups rather than the 
recorded weights of the oil samples.  
Pyrolysis 
Pyrolysis trials within the microwave were extremely messy and made for a difficult experiment 
to execute given the limited equipment available. Inconsistency with the first trial was due to the 
lack of a strainer to avoid the biodiesel from soaking in the char at the bottom of the reacting 
vessel. Furthermore the addition of glass wool in the later trials, though allowing for the oil to 
separate properly, provided an additional problem.  A significant portion of the product was now 
also present within the wool.  Lack of an appropriate condensing unit within the microwave also 
translated to a loss of oil vapors to the fume hood. Had a scientific microwave been used it 
would have been possible to conduct pyrolysis at atmospheric pressure while capturing the off 
gas into an external condenser. As it stood a mass balance was used to account for the lost 
gasses. 
Transesterification 
Six coconut biodiesel and three Jatropha biodiesel trials were conducted under the microwave 
transesterification experiment. Time constraints required that a number of trials be conducted 
without the possibility of redoing the experiment.  One constraining factor on the number of 
trials that could actually be performed using Jatropha was the limited supply of seeds available 
for both pyrolysis and transesterification. The procedure was altered in order to alleviate some of 
this strain.  
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Jatropha 
The first Jatropha trial was reset to max power for the last 20 minutes of the run, due to the 
microwave resetting to maximum power upon opening of the door. In spite of this accident, the 
trial appeared to be a good run upon visual inspection, though it was later found through the GC 
that in fact this was the least methylated of the three trials which is consistent with previously 
discussed trends found high wattage microwave transesterification (Perin, et al., 2008). The 
second trial was conducted in a much smaller reaction vessel and fell over spilling its contents. 
Most of the contents were quickly recovered and the reacting vessel was placed in a larger 
beaker to keep the vial upright. During the third Jatropha trial the reaction vessel actually blew 
its top; the remainders were again reacted in a larger vessel and actually proved to have the 
highest yield of FAME of the three trials. As all the extracted jatropha oil had been used at this 
point it was not possible to perform any other trials.  The reason for the error in the third trial is 
still unknown.  It was subjected to the same conditions as trial two, and even less than trial one, 
yet reacted in a more violent way.  Additional testing would be advised. 
 
Coconut 
The coconut trials were much more stable. The only aberration in the experiment was the 
reacting mixture of trial six which accidentally received excess catalyst.  
 
Fertilizer 
As the production of seed cake was delayed by equipment needs fertilizer testing did not have 
sufficient time to come into fruition. An attempt was still made to gauge the effects on growth of 
Artemisa annua, and so all the usual suspects of human error in measurement readings apply. 
Specifically reading off the height of the plants using a ruler, along with the amount of water, 
and fertilizer added to the plants. Sunlight within the green house was also an issue, as it was not 
possible to ensure that the plants could receive optimum lighting due to the lack of available 
space.  Were there more time, a more proper quantitative analysis could have been performed, 
testing the effects of water, and slope elevation amongst other possible variables. 
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VI. Conclusion & Recommendations 
In the context of this report, the Jatropha biodiesel process was replicated on the laboratory scale 
to test the viability of some of the methods discussed within the literature. Using the optimized 
production scheme developed for Haiti, the following industrial scale system is suggested. 
1. Recommendations for Implementation in Haiti 
Creating recommendations for Haiti requires the balance of several factors.  Being cost effective 
is of the highest priority in a country with such currently limited means, however ease of use and 
dependence on foreign chemicals must also be considered.  With this in mind, it is recommended 
that Haiti investigate mechanical extraction and large scale microwave transesterification. 
Mechanical extraction is the second least costly method we researched (behind aqueous oil 
extraction) at approximately $0.40 / L.  It is very simple to use and requires no solvent, which 
would need to be imported.  Finally, it does not require the seeds be shucked thus eliminating 
one step between harvest and biodiesel production.  Mechanical extraction does not have the 
highest yield, but this can be improved by adding additional passes though the machine.  
Additionally the seed cake left from this process can be used as fertilizer, as seen earlier in the 
report, aiding future yields. 
Microwave transesterification showed the best results in terms of energy cost and biodiesel yield.  
It does require the use of methanol and a catalyst which will be expensive; it’s simply much 
more effective than pyrolysis.  Methanol and catalyst will need to be purchased from external 
sources but the yield being increased by a factor of 4 would justify this cost.  Perhaps if pyrolysis 
technology shows some improvement, for example with thermal depolymerization becoming 
more widely used, this situation may change. 
 
2. Recommendations for Future WPI Research 
Extraction 
When using the Soxhlet apparatus for n-hexane oil extraction, clamps should be used on all 
tubing to ensure tight seals. The number of “passes” of n-hexane soaking can be maximized by 
using a fairly high cooling water flow rate in conjunction with heating the water bath just below 
its boiling point to expedite evaporation and condensation of the solvent.  
 
In future renditions of this experiment aqueous oil extraction with ultrasonication should also be 
attempted as it was found to be the most economically and environmentally feasible (Chen, 
Landsman-Roos, Naughton, & Olenyik, 2008). Since the only solvating agent used is water, seed 
cake obtained from this process would also be better as a fertilizer due to the absence of possible 
residual industrial chemicals. Whether this can be performed on the laboratory scale depends on 
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whether a proper homogenizing unit is available, and if enough seeds can be obtained as one 
needs sufficient oil for the transesterification process.  
 
It should also be noted that a reclamation step is necessary after either procedure to evaporate the 
solvent. In the case of n-hexane, the resulting oil will still contain residual amounts of the solvent 
as evidenced by the abnormally high yields per mass of seed. Therefore it is necessary to flash 
off any excess n-hexane. For aqueous oil extraction with ultrasonication, the water and oil phases 
could be separated using a centrifuge due to their inherent immiscibility. The oil separated from 
the two phase mixture should then be heated to the boiling point of water to ensure complete 
evaporation of any residual solvent as the presence of water in the transesterification reaction 
could be problematic.  
 
Pyrolysis 
After multiple trials it was found that a straining mechanism at the bottom of the reaction beaker 
should be used to allow a decent amount of biodiesel to accumulate below the char. Glass wool 
was used to some success; however as the fibers retained a decent portion of the product, mess 
can be reduced by using a ceramic or glass strainer or fritted disc.  
 
The pyrolysis experiment could be improved by acquiring a reaction vessel capable of capturing 
and condensing the released hydrocarbons. For safety reasons it is ideal that the system operate 
at atmospheric pressure and should be kept in mind while designing or acquiring such a system. 
 
This study and literature data has suggested that pyrolysis may have excessively high energy 
requirements and too low yield to warrant further interest.  However with technological advances 
such as thermal depolymerization, pyrolysis and related processes may yet provide an attractive 
solution free of dependence on industrial chemicals. 
 
Transesterification 
While the transesterification procedure used in this project was based off of the optimum reactant 
ratios and power settings found within the literature, the actual yields were less than expected; 
suggesting that the microwave wattage, methanol content, and catalyst content should be varied 
in future projects. Even if an optimum was found within the literature, a range around the 
optimum should be conducted to account for proper deviations within the actual experiment, 
such as the equipment used.   
 
As the acid catalyst powder is highly corrosive, and will dissolve clothing on contact; it is 
suggested that future design teams procure laboratory coats for additional protection, as the 
catalyst will likely cause harm upon direct contact with skin.  
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When using microwave irradiation a fairly large reaction vessel should be used to minimize the 
penetration depth necessary for thorough microwave heating. Use of a large vessel also ensures 
that the sample cannot bubble up or fall over. In the successful trials a 250 mL was used for 
approximately 8 mL sample. 
 
Fertilizer 
The fertilizer portion of the experiment has definite potential for a future feasibility study. As 
mentioned before, the primary source of error to the experiment in this project was the lack of 
sufficient time to properly monitor their effects on plant growth. A minimum of 12 weeks should 
be allotted in order to properly assess the effects of the fertilizers on growth. In addition to 
testing charcoal, seedcake, and conventional fertilizer, against a control; the experiment could be 
improved by varying water fall and soil quality to replicate similar conditions in Haiti. Possibly 
the experiment may be studied in conjunction with a biology major as suggested by Professor 
Pamela Weathers. This will allow for further study of the plants conditions instead of just a 
qualitative analysis.  
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VIII. Appendicies 
Appendix A – Data tables 
Extraction Data 
Soxhlet 
         
Run Gound seed [g] 
Seed cake 
(after 
extraction) [g] 
Oil [g] T [C] t [h] Expected Oil [g] Expected Oil / Oil [%] Yield [%] 
1 20.162 18.789 11.425 91 4 1.373 12.0 56.7 
2 20.317 10.209 9.655 90 3 10.108 104.7 47.5 
3 20.154 9.906 14.338 84 3.5 10.248 71.5 71.1 
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Transesterification Data 
Oil / Trial Mass of Vial [g] 
Mass of 
Oil [g] 
Mass of 
Catalyst 
[g] 
Catalyst 
Batch 
Volume of 
Methanol 
[mL] 
Mass of 
Biodiesel in vial 
(with some 
catalyst) [g] 
Date Notes Mass of biodiesel mBiodiesel:mOil 
Jatropha 1 164.35 5.197 0.157 2 1.50   4/5/2011 
Accidentally 
reset power 
rating from 2 to 
10 for the final 
20 min. 
-164.350   
Jatropha 2 15.5 5.001 0.155 2 1.50 15.861 4/5/2011 
Spilled, 
remainder was 
run at power 
level 5 
0.361 0.072 
Jatropha 3 15.416 5.023 0.157 2 1.50 16.678 4/6/2011 
Exploded, 
remainder was 
run at power 
level 5. 
1.262 0.251 
Coconut 1                 0.000 #DIV/0! 
Coconut 2 15.743 5.052 0.150 2 1.50 19.879 4/6/2011 
Started using 
larger, 250 mL, 
reaction vessel 
to prevent 
overflow during 
heating.  Run 
proceded with 
out any issues. 
4.136 0.819 
Coconut 3 15.367 5.017 0.152 2 1.50 19.650 4/6/2011 Good run. 4.283 0.854 
Coconut 4 15.639 5.056 0.153 2 1.50 19.962 4/6/2011 Good run. 4.323 0.855 
Coconut 5 15.604 5.254 0.151 2 1.50 19.915 4/6/2011 Good run. 4.311 0.821 
Coconut 6 not taken 5.084 0.151 2 1.50 
 
4/6/2011 Good run. 
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Pyrolysis 
 
Run mass of seeds [g] 
Mass 
of 
Char 
[g] 
mass of 
beaker 
[g] 
mass of oil 
in beaker 
[g] 
Mass 
of Oil 
[g] 
mass 
of 
cover 
[g] 
mass of oil on 
cover [g] 
Mass of oil 2 
[g] 
Mass of 
Gas [g] Oil Yield [%] 
1 20 13   0.200   0 6.8 2.941176471 
2 20.631 14.2 70.578 70.277 0.301 
 
164.192 164.192 6.13 1.480570585 
3 19.939 14.92 70.103 70.743 0.640  218.699 218.699 4.379 3.316234002 
4 20.654 11.683 49.604 49.933 0.329 
 
109.022 109.022 8.642 1.618696187 
Avg 20.408 13.601 
  
0.423 
   
6.384 2.11829069 
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Plant Growth 
  Fertilizer Char  Seed Cake Control  Seed Cake Control  Fertilizer  Char 
Date Plant No. Height of Plant (in)   Difference in Height (in) 
3/19/2011 
1     21 1/4 21 1/2           
2     18 3/8 17 1/4          
3     19 3/8 23 5/8          
4     24 1/4 26 7/8          
5     21 3/4 23 3/4          
3/26/2011 
1 24 3/4 20 1/2 22 3/4 24       1 1/2 2 1/2     
2 26 1/2 23 20 1/2 18 1/4  2 1/8 1         
3 27 27     22 1/2 26 1/8  3 1/8 2 1/2     
4 27 1/4 22 1/4 27 3/4 28 1/2  3 1/2 1 5/8     
5 18 21 1/8 24 3/8 25 3/8   2 5/8 1 5/8     
4/2/2011 
1 26 1/2 21 1/2 23 1/2 25    3/4 1     1 3/4 1     
2 28 25 21 3/4 18 7/8  1 1/4  5/8 1 1/2 2     
3 28 5/8 28 1/2 24 26 7/8  1 1/2  3/4 1 5/8 1 1/2 
4 29 1/4 23 1/4 29 1/2 30  1 3/4 1 1/2 2     1     
5 19 22 25 5/8 26   1 1/4  5/8 1      7/8 
4/9/2001 
1 27 1/4 22 1/8 24 25 1/4   1/2  1/4  3/4  5/8 
2 28 3/4 26 21 7/8 19   1/8  1/8  3/4 1     
3 29     29 1/4 24 1/4 27   1/4  1/8  3/8  3/4 
4 30 23 3/4 30 1/4 30 3/8   3/4  3/8  3/4  1/2 
5 19 1/2 22 3/4 26 1/4 26 1/4    5/8  1/4  1/2  3/4 
4/16/2011 
1 28 1/4 23 24 1/2 25 3/8   1/2  1/8 1      7/8 
2 29 1/2 27 1/4 22 1/4 19 1/8   3/8  1/8  3/4 1 1/4 
3 29 1/4 30 24 3/4 27   1/2 0      1/4  3/4 
4 30 3/4 24 1/8 31 30 3/4   3/4  3/8  3/4  3/8 
5 19 5/8 23 1/8 27 26 1/2    3/4  1/4  1/8  3/8 
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4/23/2011 
1 28 5/8 23 3/4 24 7/8 25 5/8   3/8  1/4  3/8  3/4 
2 30 28 22 5/8 19 1/8   3/8 0      1/2  3/4 
3 29 3/4 30 1/2 25 3/8 27 1/8   5/8  1/8  1/2  1/2 
4 30 7/8 25 31 1/2 30 7/8   1/2  1/8  1/8  7/8 
5 20 23 3/4 27 1/4 26 5/8   1/4  1/8  3/8  5/8 
  
Tabulated GC Data 
 
25-fold dilution for all 
   Coco 1 Compound Area Conc. Actual conc. (mg/L) % 
 
C10:0 34179898 14.10584949 352.6 6.593647 
 
C12:0 228927871 94.47723021 2361.9 44.1625 
 
C14:0 119742390 49.41700325 1235.4 23.09952 
 
C16:0 61862389 25.44799201 636.2 11.89543 
 
C18:0 32513522 12.15692361 303.9 5.68264 
 
C18:1 38505606 15.61793863 390.4 7.300459 
 
C18:2 6561681 2.707968426 67.7 1.265815 
      Coco 2 Compound Area Conc. Actual conc. (mg/L) 
 
 
C10:0 7694593 3.175514764 79.4 1.790303 
 
C12:0 159541204 65.84174741 1646.0 37.12049 
 
C14:0 114403933 47.21385241 1180.3 26.61839 
 
C16:0 64292370 26.44759998 661.2 14.91072 
 
C18:0 53414015 19.97169363 499.3 11.25971 
 
C18:1 36298345 14.72266985 368.1 8.300397 
      Coco 3 Compound Area Conc. Actual conc. (mg/L) 
 
 
C10:0 4929083 2.034204517 50.9 1.254787 
 
C12:0 151550460 62.54401282 1563.6 38.5799 
 
C14:0 103797744 42.83673854 1070.9 26.42359 
 
C16:0 60045990 24.7007899 617.5 15.23654 
 
C18:0 48712393 18.21374014 455.3 11.23504 
 
C18:1 29058155 11.78603659 294.7 7.270147 
      Coco 4 Compound Area Conc. Actual conc. (mg/L) 
 
 
C10:0 22398751 9.243837133 231.1 3.589825 
 
C12:0 256857689 106.0037072 2650.1 41.16632 
 
C14:0 156814060 64.7162706 1617.9 25.13243 
 
C16:0 88034973 36.21446448 905.4 14.06381 
 
C18:0 52447502 19.61031092 490.3 7.615624 
 
C18:1 45462137 18.43951931 461.0 7.160949 
 
C18:2 7930671 3.272942812 81.8 1.271041 
      Coco 5 Compound Area Conc. Actual conc. (mg/L) 
 
 
C10:0 2441833 1.00773059 25.2 0.652738 
 
C12:0 123241112 50.86090592 1271.5 32.94418 
 
C14:0 102422175 42.26904904 1056.7 27.37897 
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C16:0 65001366 26.73925578 668.5 17.31984 
 
C18:0 44431736 16.61318698 415.3 10.76087 
 
C18:1 34781466 14.10742117 352.7 9.137811 
 
C18:2 6754566 2.787570968 69.7 1.805596 
      Coco 6 Compound Area Conc. Actual conc. (mg/L) 
 
 
C10:0 2558621 1.055928333 26.4 0.570013 
 
C12:0 147705212 60.95710084 1523.9 32.90598 
 
C14:0 123149924 50.82327315 1270.6 27.43552 
 
C16:0 77989649 32.08217459 802.1 17.31866 
 
C18:0 54939987 20.54226008 513.6 11.08916 
 
C18:1 40992926 16.62679981 415.7 8.975512 
 
C18:2 7653868 3.158707788 79.0 1.70514 
      
Jatropha 3 Compound Area Conc. Actual conc. (mg/L) % 
 
C16:0 96042121 39.50832108 987.7 18.55235 
 
C16:1 5089425 2.100376749 52.5 0.986297 
 
C18:0 49299142 18.43312771 460.8 8.655845 
 
C18:1 220636484 89.4905294 2237.3 42.02304 
 
C18:2 153681529 63.42349287 1585.6 29.78246 
      Jatropha 1 Compound Area Conc. Actual conc. (mg/L) 
 
 
C16:0 34985131 14.39164165 359.8 19.33081 
 
C16:1 
  
0 0 
 
C18:0 18443252 6.895998708 172.4 9.262683 
 
C18:1 80989805 32.84960127 821.2 44.12348 
 
C18:2 49218057 20.31201217 507.8 27.28303 
      Jatropha 2 Compound Area Conc. Actual conc. (mg/L) 
 
 
C16:0 66061266 27.17526103 679.4 18.23102 
 
C16:1 
  
0 0 
 
C18:0 35116176 13.13006537 328.3 8.808546 
 
C18:1 160541077 65.11573114 1627.9 43.68409 
 
C18:2 105742834 43.63946612 1091.0 29.27634 
      
Appendix B – Gas Chromatograph Data 
 
Figure 17 - Raw GC Data for Coconut Trial 1 Enlarged 
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Figure 18 - Raw GC Data for Jatropha Trial 1 Enlarged 
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Appendix C – Miscellaneous Graphs 
 
Figure 19 - Biodiesel Yield by Process 
  
Figure 20 - Coconut Trial 1 Concentration Profile Compared to High and Low Values from the Literature 
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Figure 21 - Jatropha Trial 1 Concentration Profile Compared to High and Low Values from the Literature  
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Appendix D – Photographs of Plants 
 
Figure 22 Seed Cake Start                                  Figure 23 Seed Cake Start Close Up 
 
Figure 24 Seed Cake End                                       Figure 25 Seed Cake End Close Up 
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Figure 26 Char Start                                             Figure 27 Char Start Close Up 
 
 
 
Figure 28 Char End                                                 Figure 29 Char End Close Up 
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Figure 30 Control Start                                                    Figure 31 Control Start Close Up 
 
 
Figure 32 Control End                                         Figure 33 Control End Close Up 
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Figure 34 Osmacoat Start                                        Figure 35 Osmacoat Start Close Up 
 
 
Figure 36 Osmacoat End                             Figure 37 Osmacoat End Close Up  
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Appendix E – Photographs of the Laboratory 
 
Figure 38 - Jatropha Oil Before and After Transesterification 
 
Figure 39 - Soxhlet Apparatus Dormant (left) and Operating (right) 
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Figure 40 - Reclaiming Hexane  
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Appendix F – Social Considerations 
Political Impacts 
The state of politics in Haiti, though improving, is a significant obstacle to the development of a 
stable economic and living situation.  Strong ideological divides exist between the impoverished 
rural families, and gang-like supporters of the old regime (Revol, 2006).  Many efforts have been 
made to alter the deplorable situation there, but most organizations have been met with 
resistance.  Only by remaining neutral, and communicating openly with all parties, has the Red 
Cross been able to act there with some success (Revol, 2006).   
The need for the jobs and the fuel that having a Jatropha biodiesel production operation is quite 
evident, however.  80% of the population lives below the poverty line, with more than 2/3rd of 
the labor force without formal jobs (CIA, 2011).  In 2007, Haiti imported $200 million in diesel 
fuel, half of which went to transportation, and the other half of which went into generators; with 
this the Haitian electrical company was able to run the power grid for eight hour days in Port-au-
Prince. (McClatchy Newspapers, 2008).  Additionally, Haiti has had a long history of foreign 
intervention into their affairs, both for intentions of aid and of exploitation, and as a result Haiti’s 
abilities to self-govern and heal have been significantly diminished (Smith, 2010).  Having 
Jatropha cultivation and biodiesel production facilities could attempt to address all of these 
issues, by creating much needed jobs and fuel for the country while being a means for the 
Haitians to have a direct hand in their recovery.  However, due to the current shortage of fuel and 
the unstable state of government there, it is equally likely that the fuel produced would be a high 
value target for theft or more violence.  Until a clear authoritative force emerges that is able to 
maintain the establishment any sort of industrial pursuit, it would be fruitless to do so.   
Socioeconomic Impacts 
One of the major reasons Jatropha biodiesel is of particular interest as a renewable resource is 
that it is a hardy plant that can be grown on land not normally suited for agricultural endeavors. 
Indeed many of the countries that stand to gain energy independence through the use of the crop 
often have arid land and poor soil conditions that are inadequate for sustaining food crops. 
However, just because the land is not being employed for an agricultural purpose does not 
always mean it is vacant. Land use and its related cultural implications also have to be taken into 
consideration. A case study from India illustrates the consequences of neglecting such issues. In 
2003 when India initiated its National Biodiesel Mission, the country set out on an initiative to 
cultivate 400,000 hectares of Jatropha by 2007, and establish a full scale Jatropha biodiesel 
production system by 2012 (Shiva & Sankar, 2008). Shiva and Sankar documented some of the 
socioeconomic consequences of the lands seized by the government for Jatropha. In 
Chhattisgarh, land taken from the locals lead to costly land rights battles and reduced area for 
livestock herding. Some corporations took advantage of indebted farmers of the failed cotton 
crops, locking them into long term Jatropha cultivation contracts. While they were promised 
subsidies from the government to offset the costs until Jatropha biodiesel production phase of the 
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initiative could start, the government never followed through on these subsidies, locking the 
farmers with yet another failed crop for which there is no existing market. In yet another case in 
Rajasthan, new laws allowed corporations to segment and take over the local economy, having a 
similar detrimental effect to rural lifestyles, with the removal of traditional farming and herding. 
It is important that the indigenous peoples of Jatropha sites be properly accommodated with 
regards to their financial welfare, and overall wellbeing.  
